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Table 1. General data, DNA mutations and colorectzl tumors in FAP patients

Patient Age* (age Sex Codon Mittation Colorectal Colorectal

at colectomy) polyps’  cancer
1 18 (16) M 836 TCA-TGA % -
2 24 (22) F 693 AAA—TAA ++ +
3 32 (31) F 564 CGA—TGA + -
4 32 {26) M 1061-1063 AAACA del ++ -
3 33 (27) F L + -
6 36 (23) F N N ++ -
7 37 (n) M 1342 TTA—TAA + -
8 39 (39) F D c -
9 42 (30) M N N c +
10 46 (19) M N N c +
11 46 (35) M 723 T del e+ +
12 46 (31) M n I c +
13 46 (34) M n n 444 +
14 47 (43} M 558 A del + +
13 47 (39) M 139 A insertion 4+ -
16 49 (27 M N N ¢ -
17 49 (4% M N N + -
18 49 (30 M 1166-1167 TATAA del + -
19 52 (26) F 1309-1311 GAAAA del ¢ -
20 34 (41) F n i c +
21 60 (31) M N N +H+ -
22 60 (37 M 367 TC del € +
23 64 (58) F n n + +
24 65 (60} M 1594-1595 CCAG del + +
25 66 (36) M 283 CGA—TGA +
26 B M N N * -
27 75 {43) F N N I -
28 88 (35) M N N c +

1, not informative; N, not detected; L, large deletion from exon 6 to 15; D,
duplication exon 2 + exon 3.

*Age in 2004.

#—), no polyps/field; (£), I-5 polyps/field; (+), 6-10 polypsfiield; (++), 11-20
polypsffield; (+++}, >20 polyps/field; c, confluent type.

present study, the number of male patients was twice the
number of female patients, but the average TG levels exceeded
150 mg/d] between the ages of 40 and 60 years.

OVERALL PREVALENCE OF COLORECTAL POLYPS AND
CANCER IN FAP PATIENTS

Among FAP patients who had >20 polyps in an endoscopic
field or had polyps of the confluent type, hyperlipidemia was
observed in eight patients and normal serum lipid levels in five
patients (Table 1). Fifteen patients had colorectal cancer, all
diagnosed as adenocarcinomas, five had gastric cancers
(Patients 8, 12, 13, 16 and 21) and two had both. The percent-
age of hypeilipidemic patlents with colorectal cancer was
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33.8% (7/13) and with hypertriglyceridernia was 46.2%
(6/13). Interestingly, when counting levels of serum TG
=150 mg/dl and/or serum TC =220 mg/d]l occurring even
once as hyperlipidemic, 93.3% of the patients who had colo-
rectal cancer demonstrated hyperlipidemic states. There were
four patients who had gastric cancer with hyperlipidemia.

Statistically significant differences were not observed in
serum lipid levels between the patients with colorectal cancer
and those without colorectal cancer. However, the average
maximum serum TG and TC values in FAP cases with color-
ectal cancer tended to be higher than in those without coloz-
ectal cancer, 222.7 versus 158.9 and 232.6 versus 192.5 mg/d],
respectively (Table 2 and Fig. 2).

DISCUSSION

In the present pilot study, we found hyperlipidemia to be a
relatively frequent complication in FAP patients, suggesting its
possible link to colorectal cancer development. There is stand-
ard serum lipid level data for the Japanese (n = 12 839, aged 4
through 99 years) collected in 36 institates from various dis-
tricts around Japan in 2000 (10). The mean serum TG and TC
levels in each 10 year group were <150 and <220 mg/dl,
respectively (mean TG levels for Japanese in their thirties,
forties, fifties and sixties were 118, 129, 129 and 123 mg/d];
TC levels for Japanese in their thirties, forties, fifties and
sixties were 195, 201, 211 and 209 mg/d], respectively).
Although males tend to have higher TG levels than females,
the population ratio of hyperlipidemia did not show any dif-
ference. Thus, our pilot study suggested the need for a larger
number study to confirm high TG levels in female FAP
patients. Extracolonic and serious complications in FAP
include adenocarcinomas in the duodenum and pancreas,
and desmoid tumors developing from operation scars. Repor-
ted benign lesions are osteomas, odontomas, epidermoid cysts,
stomach and thyroid adenocarcinomas, congenital hypertrophy
of the retinal pigment epithelium and fundic gland polyposis
(11-14), but a hyperlipidemic state has hitherto not received
attention as a potentially important aspect. Three points can be
raised as explanations for the lack of any focus on blood lipids:
(1) myocardial infarction and stroke are not major causes of
death in FAP {1.9 and 1.5% in Japanese FAP patients, respect-
ively, ref. (15)]; (i) hyperlipidemia may not develop at an
early age [the mean ages at death of FAP patients were
44.1 years for males and 40.5 years for females before
1990, ref. (15)); and (iii) no correlation between the APC
gene and hyperlipidemia has hiterto been reported. Since we
found only a tendency for serum TG levels to be associated
with colorectal tumor development, we are now planning to
investigate a large number of FAP patients for confirmation.

Prophylactic colectomy may weaken gastrointestinal fonc-
tion with a disorder of liver bile circulation including the lipid
absorbing function of the small intestine, and if hyperlipidemia
is caused by APC germline mutations, it is assumed that much
more severe hyperlipidemia may be cbserved in FAP patients
before prophylactic colectomy. The position of the APC



Table 2. Serumn lipids levels in FAP patients
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Patient Minimum tiglyceride Maximum triglyceride Average triglyceride No. of detected Maximum cholesterol
level (mg/dl) level {mg/dl) jevel + SD TG ;’_15(_) mg/dl/blood level® (mg/dl)
examinations
i 51 160 937475 1/3 130
2 31 95 563 +228 0/6 236
3 43 129 823+355 03 200
4 31 95 682228 0/6 2n
5 43 126 6721278 0/6 183
6 29 44 36.7 £ 6.0 017 153
-
8 n n n 181
9 49 148 67.9 +26.] 0112 241
10 35 125 66.9+£21.6 0/34 220
11 68 278 i08.2 £ 50.8 /10 298
12 140 372 239.0 + 714 9/10 261
13 124 425 236.4 £ 80.3 12/13 250
14 79 181 1203 +43.8 173 228
15 120 223 185.3 £ 46.4 273 214
16 86 173 1142 £29.7 2/10 182
17 133 214 173.5 £ 40.5 1/2 215
18 41 55 450+5.9 0/3 185
19 153 203 179.0 £ 16.3 7 202
20 162 215 208.1 £35.0 717 277
21 167 429 274.9 £ 80.1 9/9 181
22 168 168 168 01 150
23 57 290 143.9 £ 780 5714 237
24 67 250 1118 + 544 2711 212
25 66 186 142.5 + 48.3 214 169
26 72 213 1385 +37.3 6/16 206
27 107 118 1125 5.5 02 265
28 84 162 93.6+6.2 0/6 247

n, not informative.

YAbnormally high serum levels detected mare then two times are underlined.

germline mutation may affect the severity of FAP (16). The
weak dominant negative effects on the wild-type APC protein
by formation of unstable heterodimers result in small numbers
of polyps (17). Since codons 1014-1210 and 1263-2013 are
suggested to be the binding sites of B-catenin, their mutation
could play an important role in formation of intestinal polyps
and hyperlipidemic states (16). An FAP patient with mutations
at codon 1309 (Patient 19) showed a similar hyperlipidemic
state to Apc™% mice. Clearly, serum lipid levels may be more
readily affected by environmental factors or aging than the
mutated position of the APC gene, and other genetic factors
such as LPL and angiopoietin-like protein 3 may also influence
the extent of hyperlipidemia (18). Therefore, our pilot study
suggests the need for further studies comparing the patient

before and after colectomy and also for studies to elucidate
possible mechanisms linking functional genetic alteration,
hyperlipidemia and colorectal cancer development.

It is of interest to point out that an agent reducing polyp
formation without affecting serum lipid levels in Apc-deficient
mice may clarify the relationship betwsen polyps and
hyperlipidemia. We are in favor of the hypothesis that hyper-
lipidemia is not causative at least for the onset of adenoma,
but may promote intestinal polyp development. If so, an
antihyperlipidemic agent is justified to be a candidate for
chemoprevention. Early prophylactic colectomy is con-
sidered to be the most effective way to prevent colorectal
cancer development in FAP patients, although chemopre-
ventive agents such as selective cyclooxygenase-1 (COX-1)
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Figure 1. Serum TG (A) and TC (B) levels in FAP patients in 2002. Overall
averages are arranged chronologicelly by age. Dotled lines are at the
concentrations of 150 mg/dl for TG and 220 mg/d] for TC.

and -2 inhibitors, prostaglandin receptor EP, and EP, select-
ive antagonists, PPARo agonist and PPARy agonist can
reduce intestinal polyps in Apc-deficient mice (35,6,19-22).
Several clinical studies have already been performed with
non-steroidal anti-inflammatory drugs (NSAIDs) for pro-
phylactic purposes in FAP patients (23,24). From our present
results, not only NSAIDs and/or COX-2 inhibitors but
also PPARwy/y agonists might warrant further attention and
clinical trials.

In conclusion, our data lead us to hypothesize that
both hyperlipidemia and polyp formation may be caused by
APC mutation, where a hyperlipidemic state may contribute
to the development of polyps. This encourages us to investigate
a large number of FAP patients with matched controls.
Hyperlipidemia may be observed even after prophylactic
colectomy, and improving a hyperlipidemic state might be
of benefit for protection against neoplasia or other adverse
outcomes.
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Abstract

Epidemioclogically, a high-fat diet is associated with the
risk of colon cancer In addition, serum lavels of trigiye-
erides (TGs) and cholestero! have been demonstrated to
be positively assoclated with colon carcinogenesis. We
recently found that an age-dependent hyperlipidemic
state thigh serum TG levels) exisis in Apc-deficient mice,
an animal model for human familial adenomatous poly-
posis. The mRNA fevels of lipoprotein lipase (LPL), which
catalyzes TG hydrolysis, were shown to be downregula-
ted in the liver and intestines of mice. Morsover, treat-
ment with a peroxisome proliferator-activated receptor
{PPAR) a agonist, bezafibrate, or a PPARy agonist, pio-
glitazone, supprassed both hyperlipidemia and intestinal
polyp formation in the mice, with induction of LPL mRNA.
PPARa and PPARy agonists are reported to exert anti-
proliferative and pro-apoptotic effects In cancer cells.
One compound that also increases LPL. expression levels
but does not possess PPAR agnostic activity is NO-1886.
When given at 400 or 800 ppm in the diet, it suppresses
both hyperlipidemia and intestinal polyp formation in
Apc-deficient mice, with elevation of LPL mRNA. In con-
clusion, a decrease in serum lipid fevels by increasing
LPL activity may confribute to a reduction in intestinal
polyp formation with Apc deficiency. PPAR« and PPARy
agonists, as well as NO-1886, could be useful as che-
mopreventive agents for colon cancer.

Keywords: Apc-deficient mice; hyperlipidemnia;
intestinal polyp; lipoprotein lipase.

Introduction

Colorectal cancer is one of the most common cancers in
developed countries, and several epideminlogical studies
have suggested a correlation with obesity, a high-fat dist
and hyperlipidemia (Le Marchand et al,, 1897; Bruce et
al., 2000}, with clear links to high levels of serum triglyc-
erides {TGs) and cholesterol {McKevwn-Eyssen, 1984;
Jarvinen et al., 2001). Thus, itis conceivable that not only

a reduction in cholestero! levels by HMG-CoA reductase
inhibitors {Agarwal et al., 1989) but also a decrease in TG
levels by inhibitors may reduce colon carcinogenesis.

TGs are enriched in lipoproteins such as chylomicrons
and very tow-density lipoprotein (VLDL), and are hydro-
lyzed by lipoprotein lipase (L.PL) to free fatly acids (FFA}
and monoacylglycerol (Schoonjans et al, 1898a). LPL
mRNA is expressed ubiguitously in the whole body, i.e.,
in adipose lissue, skelgtal muscle, liver and intestine.
Once synthesized, LPL. is tansferred o the surface of
endothelial cells to become bound o membrane-
anchored heparan sulfate proteoglycans {Semenkovich
et al,, 1989; Goldberg, 1996). Physioclogically, a decrease
in or deficiency of LPL is associated with hyperlipidemia
{Gehrisch, 1899; Mead et al., 2002). However, no direct
avidence of links between LPL and colorecial ¢arcino-
genesis has heen reported.

Age-dependent increase in TGs in Apc gene-
deficient mice with low LPL mRNA levels

The Apc™® {G57BL/GJereae=4130% mouse, an animal mod-
el of human familial adenomatous polyposis {FAP), devel-
ops large numbers of intestinal polyps because of a
truncation mutation in the adenomatous polyposis colf
{Apc) gene (Apc'™®; Quesada et al., 1898} it is consid-
ered to have advantages for evaluation of chemopreven-
tive agents, as with other FAP model mice, such as
Apcin (Min), Apc's and Apc'®® mice (Moser et al,
1890; Fodde et al., 1894; Oshima et al., 1885}, During
experiments to evaluate chemopreventive agents, we
found that the serum of the Apc®®™ mouse is very pale
in color and compared lipid levels with similarly aged
wild-type mice. Although no significant differences were
observed at & weeks of age, TG levels were obviously
increased in Apc®® mice with aging; the average value
at 12 weeks was almost 10-fold higher than that at
& weeks {(Niho et al,, 2003a). Such an increase was not
observed in the wild-type counterparts. Total cholesterot
levels in Apc'*® mice were also increased between 6 and
12 weeks of age, from 87.0+3.2 to 162.4+33.0 mg/dl,
Moreover, FFA levels were increased with age. Differen-
ces i serum lipid levels were not observed between
male and fernale Apc® mice aged 12 weeks. An age-
dependent hyperiipideric state was also observed in
Min mice (Niho et al, 2003a). TG levels in female Min
mice at 15 weeks of age were elevated to levels almost
10-fold higher than those at 8 weeks of age. Vaiues for
total cholesterol at 8 and 15 weeks of age were 83,7263
and 107.8+15.56 mg/di, and those for FFA were 1.0+01
and 3.120.4 mEQ/, respectively.
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Figure 1 Structures of LPL inducers.

To cast fight on mechanisms underlying the increased
levels of serum lipids, especially TGs, in Apc-deficient
mice with age, we investigated expression levels of
mRNAs encading metabolic enzymes (Niho et al., 2003a).
In the liver and small intestine of Apc**®® and wild-type
mice at 6, 8 and 12 weeks of age, there were no obvious
differences in mRNA levels for fatty acid synthase (FAS),
stearoyl-CoA desaturase-1, acyl-CoA oxidase, carnitine
paimitoy! transferase-1 and phosphoenolpyruvate car
boxykinase, enzymes involved in the hydrolysis of
TGs, lipogenesis, g-oxidation and glucose homeostasis.
Simflar expression levels for these genss were also
observed in Min and wild-type mice at all ages. However,
LPL mRNA levels in the liver were clearly lowered in
Apc® mice at 6, 8 and 12 weeks, and in Min mice at 8,
11 and 15 weeks, proportional to aging. A similar
decrease was also observed for small intestinal mRNA
levels. These data provide evidence that the expression
levels of LPL, which catalyzes TG hydrolysis, correlate
with hypertriglyceridemia in Apc'® and Min mice.

Reduction in serum TG levels in Apc-deficient
mice by administration of the PPARy ligand,
pioglitazone, or the PPARw ligand, bezafibrate

Pioglitazone, {(£)-5-[4-[2-{5-ethyl-2-pwridyljethoxy]ben-
zyljthiazolidine-2,4-dione monohydrochloride}, is a po-
tent PPARa ligand that also demonstrates weak binding
to PPARy; bezafibrate, (2-[4-(2-{4-chlorobenzamido)
eihyliphenoxyl-2-methylpropancic acid}, is a specific
PPAR« ligand (Sakamato et al., 2000) (Figure 1). PPARs
are predominantly expressed in the liver, heart, kidney,
intestinal mucosa and brown adipose tissue, all with high
catabolic rates for fatty acids and peroxisomal metzabo-
lism {(Schoonjans et al., 1996b). Thus, these ligands are
used clinically fo improve hypertrigiyceridemnia and
hypercholesterolemia through induction of lipid metaho-
lism-related genes such as LPL (Schoonjans et al,
1996a). Transcriptional reguiation of the LPL gene has
been reported to be mediated through binding of PPAR-

retinoid X receptor heterodimers to the functional respon-
sible elernent sequence in the LPL gene promoter Jesion
(Schoonjans et al., 1996g).

Administration of each figand for 6 weeks did not affest
food intake or behavior of male Apc™® mice. However,
final body weights in the groups treated with 100 and
200 ppm pioglitazone were increased to 113-115% of
those in the AIN-76A basal diet group, and those in the
bezafibrate-treated groups increased to 118-122% (Niho
et ai,, 2003a). Serum lipid levels are summarized in Table
1. Berum TG levels at 12 weeks of age were reduced by
44% and 50% by 100 and 200 ppm pioglitazone, respec-
tively. The respective levels of total cholesterol were also
decreased by 15% and 28%. Administration of pioglita-
Zone caused a 27% decrease in FFA levels at both con-
centrations, but significance was not atfained. Similar
results were obtained in male Min mice (Niho et al,
2003b). Serum TG levels in the basal diet group were
elevated 13-15-fold refative to those in wild-type coun-
terparts at 20 weeks of age. They were reduced dose-
dependently by treatment with 100, 200, 400 and
160G ppm pioglitazone from 6 fo 20 weeks of age, wilh
suppression to almost the wild-type levet at 1800 ppm
(Niho et al., 2003b). Although the values for total choles-
terol in Min mice were not changed by pioglitazone treat-
ment, the balance of HDL-C, LDL-C, and VLDL-C in the
total cholesterol of Min mice was improved to almost
the witd-type level. The levels of FFA in Min mice were
decreased by pioglitazone to 44% of the untreated con-
trol value.

Administration of bezafibrate to Apc'>® mice reduced
serum TG levels dose-dependentty by 30% and 55%
(0<G.05) at 100 and 200 ppm, respectively {Niho et al,
2003a). The tevels of total cholesterol and FFA showed &
tendency to decrease by 6-18%.

Suppression of intestinal polyp formation in
Apc-deficient mice by pioglitazone or
bezafibrate

in Apc-deficient mice, almost all polyps developed in the
small intesting, with only a few in the colon (Niho et al,,
2003a,b, 2005). The totai numbers of polyps in the
groups treated with picglitazone at 100 and 200 ppm in
Apc™® mice were reduced to 67% (p<0.05) of the valus
in the untreated control group (Table 1), The numbers of
polyps in the proximal and middle parts of the small
intesting in Apc™™® mice treated with 200 ppm pioglita-
zone were 58% (p<0.05) and 61% {p<0.01) of the un-
treated controi vaiuss, respectively. Dietary administra-
tion of 100 and 200 ppm bezafibrate reduced the total
numbers of polyps by 13% and 25% (p<0.05), respec-
tively {Table 1). The numbers of polyps in the proximal,
middle, and distal parts of the small intestine in Apct
mice treated with 100 and 200 ppm bezafibrate were also
reduced by 4-27%, albeit without statistical significance.

The size distribution of intestinal polyps in groups on
a basal diet and treated with pioglitazone or bezafibrate
was also investigated (Niho et al., 2003a,b). Treatment of
Apcte® mice with 100 and 200 ppm pioglitazone reduced
the numbers of polyps measuring more than 1.0 and
more than 0.5 mm in diameter, respectively. On the other
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Table 1 Serum lipid levels and total number of polyps in Apc-deficient mice.

Wice Agent Dose  Triglycerides Cholesterol Totai number of
{age) {pprm) {mg/di) {mg/dl) polyps/mouse
Apcise Fioglitazone 4] 710£131 13315 36.7%2.7
(12 weeks) 100 306+118 113415 246444
200 3554101 9515 24,5342
Bezafibrate 0 6821119 141517 37.712.9
100 480111 132410 32.711.7
200 309470 119414 28.3:+2.7
Min Pioglitazone 1] 5124127 113111 71.926.7
(20 weeks) 100 324117 113£12 4551102
200 171269 04+8 3273113
400 8639 10414 33.5%19.0
1600 213 12149 8.245.1
NQ-1886 o 607+120 147413 121.7+26.0
400 238+49 10118 58.0+10.8
800 186281 113310 50.527.8

Data are mean+SEM.

hand, 100 and 200 ppm bezafibrate reduced the num-
bers of polyps, especially those of 0.5-1.5 mm in diam-
eter. Min mice given 100-1600 ppm pioglitazane for
14 weeks demonstrated decreased numbers of intestinal
polyps to 8-63% of the control value {Table 1}. The num-
bers of polyps in the proximal, middte, and distal parts
in Min mice ireated with 200 ppm pioglitazone were
reduced by 50-80%, with particularly marked effects
on polyps measuring less than 1.0 and 3.0-4.0 mm in
diameter.

Administration of 100 and 200 ppm pioglitazone or
bezafibrate raised hepatic LPL mRNA levels in Apcrn
mice. Similar upregulation was also evident for smalt
intestinal mRNA levels, although the degree of elevation
was small.

Concomitant suppression of serum lipid levels
and intestinal polyp formation in Min mice by a
LPL selective inducer, NO-1886

it is well known that PPARy and PPAR« agonists induce
cell growth arrest and apoptosis In various types of can-
cer cells, including colon cancer cells (Rosen and Spie-
gelman, 2001). Thus, the decreases in polyp numbers in
Apc™® and Min mice by pioglitazone or bezafibrate in
our study might have resuited from such actions. LPL
selective inducers are nacessary for determining the rela-
fionship between hyperlipidemia and intestinat carcino-
genesis, and NO-1886, 4-((4-bromo-2-cyanophenyljcar
bamoyllbenzylphosphonate, cherically synthesized at
Otsuka Pharmaceutical Factory (Tsutsumi et al,, 1993)
(Figure 1}, is thus a usefut tool. Using a reporier gene
assay, NO-1886 was revealed not to possess PPARy and
PPARe agonistic activity, unlike bezafibrate and piogli-
tazone (Do et al., 2003). In the next study, we therefore
examined the effects of 400 and 800 ppm NO-1886 in
the diet on both hyperlipidemia and intestinal poiyp for-
matioz: in female Min mice (Niho et al., 2005).
Administration for 13 weeks did not affect body
weights or clinical signs of Min mice throughout the
experimental period and amounts of daily food intake did
not differ among the groups. In addition, there were no
changes observed in any organ weighis that eould be

attributable to toxicity. Administration of 400 and
800 ppm NO-1886 clearly decreased serum TG levels to
38% and 31% of the untreated control value, respective-
ly. The levels of total cholesterol were also decreased by
3196 and 23%. Moreover, levels of both TG-rich lipopro-
teins, VLDL-C and LDL-C, were dramatically decreased
by NO-1886 treatment to 15% and 32% of the unireated
control values, respectively. In contrast, HDL-C levels
were increased to the wild-typs value at 800 ppm. Over
all, administration of NO-1886 improved the balance of
HDL-G, LBL-C, and VLDL-C in the total cholesterof of
Min mice. LPL mRNA levels in the liver and the small
intestine were markedly increased by treatment with NO-
1886,

The data for numbers of intestinal polyps in the AIN-
76A basal diet and NO-1886-treated groups are also
shown in Table 1 {Niho et al., 2008). The total number of
polyps were significantly decreased by administration of
400 and 800 ppm NO-1886 to 48% and 429 of the
untreated control value, respectively, with reduction in
the proximal, middle, and distal parts by 63%, 57% and
45% with 400 ppm, and by 749%, 63% and 49% with
800 ppm. Treatment with NO-1886 also significantly
decreased the numbers of colon polyps. Administration
of NO-1886 reduced the numbers of polyps of all sizes
(0.5-3.0 mm in diamater} observed in the basal diet
groups.

Down-regulation of COX-2 expression levels hy
NO-1886

To elucidate the mechanisms of the NO-1886 effects on
colon carcinogenesis, we also investigated exprassion
levels of mRNAs for inflammation-associated enzymes,
cyclooxygenase-1 {COX-1), COX-2 and inducible nitric
oxide synthase (INOS), In DLD-1 human colon cancer
cells {Niho et al.,, 2005). RT-PCR analysis revealed that
the TGFe-stimulated COX-2 mRNA levels were reduced
to non-stimulated levels by NO-1886 at 5 and 10 . On
ihe other hand, there was no obvious change in mRANA
levels for GOX-1 and INOS. The results were also con-
firmed by a B-gal reporter gene assay in DLD-1 calls.
COX-2 promoter transcriptional activity was normalized
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to total protein as measured by colorimetric assay. Treat-
ment of cells with 100 ng/m! TGF« for 48 h increased
COX-2 promoter ranscriptional activity to 1.6-fold of the
contral value, whereas NO-1886 at 5 and 10 um sup-
pressed TGFa-stimulated COX-2 promoter transcription-
al activity to only 1.2-fold of the control value, with no
significant cytotoxicity. Consistent with the in vitro data,
administration of NO-1886 at 400 and 800 ppm reduced
mRENA levels of COX-2 in normal parts of the smalf intes-
tine of Min mice at 20 weeks of age.

It is well known that expression of COX-2 is markedly
elevated in colon cancers of humans and AOM-treated
rats and in intestinal polyps of Apc-deficient mice (Sano
et al., 1995; DuBois et al,, 1996; Williams et al., 1966),
playing an important role in cancer cell proliferation and
angiogenesis (Tsujii et al., 1998). Therefore, suppression
of COX-2 by NO-1886 is one possible mechanism under-
lying the suppression of intestinal polyp development.

Conclusions

Qur studies have demonstrated that a hyperfipidemic
state exists in two strains of FAP model rmice. The levels
of serum lipids, especially TGs, are thus dramatically
increased with age in both Apc™®® and Min mice. Pos-
sible involvement of hyperlipidemia in human FAP and
in sporadic colorectal tumor patients is now under
investigation,

It is inferesting that LPL mRNA levels in the livers and
small intestines of Apc-deficient mice were markedly
lower than those of wild-type mice. At present, the bio-
legical relationship between Apc deficiency and severs
hyperlipidemia is uncertain, but it has been reported that
Wnit signaling inhibits the transcription factors CCAAT/
enhancer binding protein and PPAR, and maintains
preadipocytes in an undifferentiated state (Ross et al,
2000}, suggesting the involvement of Wnt signaling in
lipogenesis.

Although it still cannot be stated with certainty whether
hyperlipidemia is a leading cause of intestinal polyp for-
mation, our study demonstrated that LPL. inducers, such
as the PPAR ligands pioglitazone and bezafibrate, and
NO-1886 have the potential to suppress both hyperlipi-
demia and polyp formation in Apc-deficient mice. it is
therefore speculated that LPL activity itself may play an
important causative role in tumar induction.

A large number of chemopraventive agents have been
examined in light of their effects on colon carcinogenesis
in Apc-deficient mice models, including enzyme inhibi-
tors {ornithine decarboxylase and iNOS), non-steroidal
anti-inflammatory drugs, micronutrients (selenium, vita-
mins, eto) and PPAR activators (Jackson et al, 2003}
LPL inducers have an advantage as novel targeting che-
mopreventive reagents and could be useful as new strat-
egies, In addition, PPAR agonists in chemoprevention
show a limitation in comparison with the above-men-
tioned agents because of their controversial effect on
colon carcinogenesis. Previous animal studies have sug-
gested that activation of PPARe reduces intestinal polyp
formation {Lefebwre et al, 1898), whereas PPARB and
PPAR~y activation by specific agonists resulis in either

increased (Tanaka et al., 2001) or reduced formation of
neoplastic lesions {Corpet and Pierre, 2003). We dem-
onstrated that both PPAR: and PPARy agonisis sup-
prass intestinal polyp formation. The number of polyps
was reduced fo a greater extent by pioglitazone than by
bezafibrate. Morsover, pioglitazone reduced the number
of polyps of all sizes, whereas bezafibrate reduced only
smail polyp numbers. It can be speculated that the dif-
ferential effects of PPAF subtype specific agonists may
be associated with their effects on lipid metabolism and
may afso be affected by their chemical structure. For
instance, troglitazone, which has a quinone structure,
causes lethal liver toxicity and may increase polyp for
mation {Tettey ef al., 2001).

Clearly, we need 1o elucidate the mechanisms under
lying the hypeririglyceridemia in FAP model mice and the
roles of LPL in intestinal polyp development, in which
COX-2 suppression may be parily involved. For the pres-
ent, however, we can conclude that PPAR ligands and
NO-1886 coutd be useful as chemopraventive agents for
colon cancer.
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Abstraet: Prostanoids are produced in response to numerous growth factors end savironmental stimuli. Their syn-
thesis is dependent an two cyslooxygenass (COX) enzymes, COX-1 and COX-2, which are rate-limiting for the pro-
duction of prostaglandins (PGs) and thrombaoxanes from free arachidonic acid. Selective inhibitors of both COX
forms have the potential to inhibil colon pumorigenesis, and thers is abundant documented evidencs of elevated
exprassion of COX-2 in cofon tumors and 2 variety of other malignancies. The resultant high level PGE, production
may play an importent role in cell proliferation, modulation of apoptosis, angiogenesis, inflammation and immune
surveillance. Prostanoids exert thelr binlogical actions through binding to eight specific membrane receptors; the
four subtypes EP, to EP, for PGE,; DF for PGD,; VP for PGFy; IP for PGY; and TP for thromboxane A, Recently, g&-
netic and pharmacologic experiments have suggested that ali PGE, receptors can contribute to colon tumorjgenesis.
Moreaver, it is suggested that EF, and EP, play roles in polyp formation independently. It is important to determing
details of the down-stream signaling pathways of prostansid receptors for further understanding of the mecharisms
of cancer development, Furthermore, it is anticipated that development of specific receptor antagonists will provide

agw advantageous tools for chemoprevention.

Key Words: Chemoprevention, colon carcinogenesis, EP receptors, Progtanoids.

EPIDEMIOLOGICAL FINDINGS AND CLINICAL
EVIDENCE OF COLON CANCER CHEMOPREVEN-
TION

A) Epidemistogical Findings

Several epidemiological studies have indicated that non-
steroidal anti-inflammatory drugs (NSATDS) reduce the risk
of colon cancer. For example, it has been reported that indi-
vidualy taking aspirin demanstrate at most 40% raduction in
the relative risk of colorectal cancer and associated mortality
{11, Although the molecular machanisms by which NSAIDDs
reduce colorectal cancer and other neoplasms remain to be
determined in detail, the most likely possibility is due to
their inhibition of cyclooxygenase (COX).

COX involvement in prostancid synthesis is schemati-
cally illustrated in Fig. (1} PGs are synthesized by human
tissues ubiquitously and are involved in diverse hiological
processes such as bloed clotting, maintaining blood vessel
tone, hone metabolism, immune responses, implantation,
ovalation, initiation of labor, kidney function, nerve growth,
inflammation and wound healing {2]. The release of arachi-
donic acid (AA), a 20-carbon polyunsaturated fatty acid,
from cell membrane phospholipids is mainly mediated via
the action of phospholipaga A, (PLA,) [31 COX catalyzes
the conversion of AA to PGG, and PGH,. Addition of mo-
lecular oxygen produces the ungiable product, PGG,,
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Research Project, National Cencer Center Research Instituge, -1, Tsukiff
S-chome, Chue-ka, Tokys 104-0045, Japan; Teh +81-3-3542.2311 ext.
4334; B-mail: mimutoh@gan? nee.gojp

1381-6128/06 $56.60+00

which is rapidly converted to PGH, by the peroxidase activ-
ity of the enzyme. It is well established that there are two
isoforms of COX, the constitutive enzyme COX-1, present
in many cells and tissves, and the inducible snzyme, COXR-
2, produced in response to growth factors, mitogens, pro-
inflammatory cytokines and mucins [4, 5]. PGH, is addi-
tionally isomerized to PGE, by PGE, synthase {6} and con-
verted to a variety of other PGs sush as PGD,, FGF,, PGL,
and throtaboxane A, (TXA,) by their vespective PG syn-
thases. Nonenzymatic dehydration of PG, results in genera-
tion of PGJ, 12-PGJ, and 15-deoxy-A™ “.PGI, (15-4-
PGL) [71.

B) Clinical Evidence

Ephanced COX-2 expression and inoreased PLA, activity
have been observed in human colon cancer tissues and pre-
malignant polyps compared with the non-lesional andfor
normal colon tissues, localized in epithelial cancer cells,
inflammatory cells, vascular endothelium, and fbroblasts &
11]. Furthermore, the major prostaroid found in coforectal
cancers appears to be PGE, [12]. A COX-2 selective inhibi-
tor, celecoxib, and conventional NSAIDs which irhibit both
CO¥-1 and COX2, indomethacin and sulindae, {Fig. 20
have actually caused regression of axisting colofzctal polyps
in patients with familial adenomatous polyposis (FAP) [13-
15]. FAP patients, affected by a rare hereditary condition
resulting from gevmline inactivation of ons allele of the ade-
nomatous polyposis coli (APC) gene, develop tens to thou-
sands of adenomatous polyps., Recently, it was found thet
sporadic colorecial eancers alse acquive somatic mutations in
the APC gene with defects in APC-dependent signaling [16].

© 2006 Bentham Science Publishers Ltd.
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Fig, (1), Schematic illestration of the pathways Involved in prostancid synthesis. AA = Arachidonic actd; COX = Cyclosxygenase;
PG = Prostaglandin; PGES = PGE» synthase; PLA; = Phospholipase As PPAR = peroxisome proliferator-activated receptor; TXAg =

Thromboxane As.

CYCLOOXYGENASE INVOLVEMENT IN COLON
CARCINOGENESIS

Conventional NSAIDs, including indomethacin, sulindac
and aspirin have been shown to inhibit the development of
colon cancers in animal medels [17-19]. Treatment with
COX-2 selective inhibiters alone or combined with COX-2
gene knockout results in reduction of polyp development in
Apc™™ wmice [20, 21] and there is abundant evidence from
animal models that COX-2 plays an important role in colon
carcinogenesis. In addition, both pharmacologic and genetic
studies have indicated that COX-1 also makes a key contri
bution to intestinal tumorigenesis. Dietary administration of
1200 ppm mofezolac, a COX-1 selective inhibitor (Fig. (23},
was thus found to reduce the number of aberrant crypt foci
{ACFs), putative prensoplastic lesions, per raf, and the 3-
bromodeoxyuridine (BrdU) labeling index of the crypt epi-
thelium. Treatment with the same dose of mofezolac reduced
the number of intestinal polyps in APC1309 mice to 59% of
that in the control diet group [22]. Homologous genetic dis-
raption of either COX-1 or COX-2 furthermore markedly

reduced polyp formation in Min mice with a nonsense muta-
tion in the APC gene [23]. Combined treatment with 600
ppm mofezolas and 400 ppm nimesulide, a COX-2 selective
inhibitor (Fig. (21), in the APCI1309 female mice vesulied in
inhibition of polyp development that was almost equal {0
the sum of the effects of each agent alone [24]. The resulis
indicate that COX-1 and -2 may confribute to pelyp farma-
tion independently and support the idea that prostancid pro-
duction by either of the COX isoforms plays an important
role in colon carcinogenesis. Structures of some COX-Y and
COX-2 selective inhibitors are showa in Fig. 2).

ROLE OF PROSTAGLANDIN RECEPTORS

A) Bffect of PGE, Receplor Deficiency and Treatment
with Antagonists

We have conducted a series of experimenis o determine
effects of prostanoid receptors on colon carcinogenesis with a
genetic approach, Examination of the induction of ACFs by
AOM in knockeut mice deficient in EP,, EP,, EP,,BP,, DP,
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Fig. (2). Structures of COX-1 and COX-2 inhibiors.

FP, IF or TP, revealed decrease only in the EP, and EP,-
knackout cases, to approximately 60% and 56% of the level
in wild-type mice, respectively [25, 26]. A pharmacological
approach with selective antagonists for EP, and EP, receptors
_was then adopted to confimu involvement of the two recep-
tors in colon carcinogenesis using two animal models, the
AOM-induced ACF model and the Min mouse model.
Structures of the EP, receptor selective antagonists, ONO-
8711 and ONO-3713, and the EP, receptor selective antago-
nist, ONO-AE2-227, are shown in Fig. (3). Both ONO-8711
and ONO-87]13 inhibited development of AOM-induced
ACFs in male C57BL/6J mice, Moreover, when Min mice
were given 500 ppm ONO-8711 in the diet, the number of
intestinal polyps was significantly reduced to 57% of that in
the basal diet group [25]. Administration of ONO-AE2-227
to AOM-ireated wild mice and Min mice decreased ACFs
and intestinal polyp formation, respectively. Interestingly, in
the latter case the number of polyps >1.0 mm in diameter,
but not those <1.0 mm in diameter, were reduced, suggest-
ing reduction in tumor growth [26]. In order to detenmine the
contribution of EP, and EP, receptors to intestinal tumori-
genests, further experiments were designed to investigate the
combined effects of BP, and EP, antagonists, ONO-3711 and
ONO-AE2-227, on poelyp formation in APCI309 mice. A
sammative tendency for suppression was also observed with
respect to the size and numbers of polyps in the intestine. In
this experiment, polyp size reduction was more remarkabls
with the EP, antagonist, while reduction in the number was
maore propounced with the EP, antagonist {271,

Regarding the other receptor types, it was reported that
homozygous deletion of the EP, receptor gene also resulted

in decrease of intestinal polyp formation in the APC knock-
out mice [28). Moreover, EP, appeais to play an opposing
important role in protecting the colon from tumar develop-
ment induced by AOM [29]. Long-tenm colon carcinogenesis
experiments with EP,, EP, and EP, antagonists are now
nezded to decide which are significant with respect to in-
volvement in cancer progression.

B) Effect of PGE, Treatment

1t is known that the PGE, levels are elevated in the colon
tamor as compared with swrounding normal tissue [12].
Iniraperitoneal injection of 7.7 g PGE, once a week for 25
weeks significantly increased the AOM-induced rat colon
tumor incidence (perceniages rats with famors, 92 versus
53), especially for adenocarcinornas (92 versus 47%), and
multiplicity (number of tumors per rat, 2.8 versus 1.0) in
comparison with animals treated with the vehicle alone [30].
Thers are repeorts suggesting that PGE, is important in the
maintenance of tumor integrity and may be adeguate to pro-
mote colan cancer development. Administration of the PGE,
anzlogues 16,16-dimethyl-PGE, and 17-phenyl-trinor-PGE,
of 10 ug each 3 times daily via gavage or infraperitoneal
injection to Min mice counteracted the reduction in number
of polyps caused by NSAIDs (piroxicam and sulindac)
treatment, while elevating the intracellular Ca® concentration
[31]. However, not all the data are consistent and Min mice
treated with a stable PGE, analogue [6,16-dimethyl-PGE,
from 6-18 weeks of age demonstrated an approximately 30-
70% decrease in tumeor incidence, with a 20-50% reduction
in the number of lesions and a 10-70% reduction in their size
[32].
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Fig. (3). Structures of EP; and EP, antagonist.

DOWNSTREAM SIGNALING PATHWAYS FROM
ACTIVATED PROSTANOID RECEPTORS

Two classes of prostanoid receptors exist which can
ransduce signals from prostanoids and other ligands: the G
protein-coupled cytoplasmic receptor class [33] and the nu-
clear peroxisome proliferator-activated receptor (PPAR) class
{34]. As noted above, the prostanoids such as PGE,, PGD,,
PGF,, PG, and TXA, exert their biological actions through
binding 10 the eight specific membrane receptors; the four
subtypes BP, to EP, for PGE,; DP for PGD,; FP for PGF,;
[P for PGL,; and TP for TXA, [35, 36]. 15-A-PGI, and PG,
?;?\) the ligands of PPARY and PPARS, respectively (Fig,

A) EP, and EP, Variants

The EP, receptor is a transmembrane G protein-coupled
reeeptor, similar to other PGE, receptors, and its rat cDINA,

iutol et of

clone encodss 4035 amino acid residues with sewn frang
membrang-spanning domains. EP, signals transmitted by
increased intracellular Ca™* concentrations are knovn 10 acti.
vate protein kinase C (PKC) {35, 367 but the actal signg)
transduction mechanisms are not known in detail.

There are multiple receptor isoforms of EP, EP, FP and
TP, modified by RNA splicing. The rat EP,-verianl receptor
is translated from mRNA which is not spliced at mcleotide .
position 952 in the segment V1 transmembrane region ang
retains the ligand binding activity with affinity and specific.
ity similar to rat EP, receptor, but without the sbility to
couple with signal transduction systems by itself. When rat
EP,-variant receptor was stably co-expressed with nt EF| ar
rat EP, receptor in CHO cells, the Ca™ mobilizatin medi-
ated by the EP, receptor and the cAMP formation due to
activation of the endogenous EP, receptor were sigiificantly
suppressed [37]. ‘

B) EP, and EP,

Activation of EP, and EP, receptors in both wsges in-
volves coupling with stimulatory G protein (Gs protein),
leading to up-regulation of adenylate cyclase (AC) activity,
In the AC pathway, increased cAMP levels result in active-
tion of cAMP-dependent protein kinase (PKA) and increase
in a transcriptional factor that binds to cAMP-responsive
elements (CRE), transactivating the transcription of specific
primary response genes [37]. However there are clear differ-
ences between EP, and EP, in their structure and finctions,
c¢DNAs encading EP, and EP, receptors share less than 30%
amino acid homology and are no more related to each other
than to other prostanoid receptor subtypes [38]. In fact, the
EP, receptor shows a closer phylogenetic relationship to the
DP and IP veceptors than it does to the EP, receptor, Largely
due 10 differences in the carboxyl {(C)-terminal domain, the
human EP, receptor is considerably larger than the human
EP, receptor (488 versus 358 amino acids).

Both EP, and EP, receptors can activate T-cell factor
{Tof) signaling (Fig. (4)). However, EP, receptors do this
primarily through a PKA-dependent pathway, wheeas EP,
receptors primarily utilize a phosphatidylinositel 3-kinase
{PI3E)-dependent pathway [3%]. PGE, stimulation of EP,,
but not EP,; leads to phosphorylation of the extmeellular
signal-regulated kinases (ERKs) through a PI3K-dependent
mechanism [40]. EP, is respousible for inducing the COX-2
gene through a positive feedback mechanism by PGE, [28]
because of CRE stimulation in its promoter region [41].

C) EP; and EP; Variants

The activated EP, receptor couples with Gi protein, lead-
ing to inhibition of AC activity and resulting in a decreass
of cAMP concentration. Known to have multiple splice vari-
ants in the humen (9 variants), mouse (3 variants), vat (4
variants) and rabbit (4 variants), in the rat case, the EP,
splice variants differ in ths sequence of the intracellular C-
terminus [42,43]. Interestingly, rabbit EP; receptor splice
variants can stimulate CRE/f-galactosidass-mediated activ-
ity, and this appears to be independent of CAMP generation
[a44].
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MECHANISMS BY WHICH PROSTANOIDS CON-
TRIBUTE TO CARCINOGENESIS

Many lines of evidence suggest that modulation of
prostanoid synthesis and its functions are promising targets
for the prevention or treatment of colon cancer [45] Al
though the question of how prostanoids promote colon car-
cinogenesis has not been fully elucidated to date, several
mechanisins can be speculated.

A) Cell Proliferation

PGE, may stimulate cell proliferation by production of
growth factor [46, 47}, activation of PI3K/Akt signaling and
activation of Src, a downstream effector of the epithelial
growth factor (EGF) receptor [48]. This involves activation
of transcriptional factors such as ¢-fos, an induced response
gene, and the early growth response factor-1 (EGR-1}. The
PI3K/Akt pathway promotes growth factor-mediated cell
survival, inhibits apoptosis [49] and modulations cell cycle
progression via modifications to cyclin D1 and p27°*' [50,
317

Treatment of LS-174 human colon cancer cells, seeded in
Matrigel®, with PGE, resulted in a dose-dependent increase
in cotony diameter through actions on the EP, receptor [52].
Consistent with this, an EP-selective agonist, 16-(3-meth-
oxymethyliphenyl-@- tefranor-3,7 -dithia-PGE, (ONO-AEL-
329), was found to increase colony formation of HCA-7 cells
o 3 similer extent as PGE, (26]. ONOC-AEL-329 and PGE,
but not EP, and EP, agonists, up-regulate the sxpres
sion of ¢-fos and increased colony formation in a gallbladder

adenocarcinoma cell line, Mz-ChA-2, in which COX-2 pro-
tein and mRNA are hardly detectable [53]. Furthermore, this
activation of PI3K/AlkL signaling by the EP, recepior induces
finctional expression of EGR-1 [40], a member of the 2inc
finger family of wanscription factors which plays a key role
in cell growth and differentiation by direct regulation of the
expression of gyclin D1 [54].

While PGE, has been reported to inhibit the proliferation
of certain colorectal cancer cell tines [55), the apparently
anomalous effects could depend on characteristics of the cells
such ag different activation of prostanoid receptors and their
cross tatk or dependence on prostancid stimulus. For in-
stance, the growth of primary adult human keratinocytes is
stimulated by activation of EP, receptors and is Inhibited by
activation of EP, receptors vie an AC independent mecha-
nism [36]. In a human colon cell line, an EP;-selactive ago-
nist has been shown to inhibit cell growth of EP; receptor
expressing but not of EP; receptor undetectable cells (29].

By Apopiosis

During carcinogenesis, apoptosis is decveased with sub-
stantial induction of antiapoptotic proteins. Several reports
which addressed the possible causal linkage between expres-
sion of COX-2 and inhibition of apoptosis suggest that en-
zyme-promoted antiapoptosis is madiated by releass of
prostanoids, sspecially FGE,. It has also been reported that
the antiapoptotic protein, Bel-2, is involved in antiapoptotic
effects of COX-2 {§7-39]. Furthermore, PGE, promotes in-
duction of a cAMP-dependent cellutar inhibitor of apoptosis,



2380 Current Pharmaceutical Design, 2006, Mol 12, No, 19

c-IAP-2. Three cAMP agonists, PGE,, cholera toxin and a
mermbrane-permeable cAMP analog, 8-CPT-cAMP, all pro-
tect RIE-1, T84 and/oy HCA-7 cells from Fas and stauro-
sporine-induced apoptosis hy induction of c-FAP-2 znd de-
layed induction of LIVIN, another member of the AP family
{60]. PI3K/AKt is known tfo inhibit pro-apoptotic signaling
through BAD, caspase-9 and Fas, while activating anti-
apoptotic signaling through NFB, an up-siream mediator of
IAP [61].

C) Inflamymation and Immune Surveillance

In inflamed tissues, up-regulation of COX-2 and in-
creased synthesis of PGE, (elevation 3-fold or move) can be
observed. It is suggested that a high level of PGE, produc-
tion in fumor fissue could mediate a profound alteration in
the cytokine balance in the cancer microenvironment. Far
instance, PGE, may reduce fumor necrosis factor (TNF) pro-
duction in lipopolysaccharide-treated murine macrophages
[62]. Lung tumor-derived PGE, promotes induction of lym-
phocyte and macrophage [L~10, an immunosuppressive cyto-
kine, while simultaneously inhibiting macrophage IL-12
production [63]. Furthermore, liver cells and macrophages
isotated from EP, knockout mice have been documented to
produce significantly less [L.-1[ and IL-6 than control sam-
ples [64].

Recent evidence suggests that change in expression of
prostanoid receptors also correlates with several chronic in-
flammation diseases, EP,-deficient mice, but not DP, EP,,
EP,, EP,, FP, IP, or TP deficient mice, develop severe dex-
ran sodium sulfate-induced (DSS-induced) colitis with ag-
gregation of neutrophils and lymphocytes in the colon, Also
administration of AE3-208, an EP,-selective antagonist,
mimicks D8S-induced colitis in wild-type mice [65]. In a
rheumatoid arthritis model, EP, receptor—deficient mice, but
not their EP, , counterparts, have shown decreased incidence
and severity [64). The apparently conflicting effects on in-
flammation reflect the complicated immune system and vari-
ous functions of prostanoids, However, as immune suppres-
sion is well established to favor turnor growth, the facts pro-
vide a basis for a cause-and-effect link between chronic in-
flammation and carcinogenesis.

D) Angiogenesis

Without vascular supply of nutrients and oxygen, tumors
can not increase their mass. Hypoxia induces microvascular
endothelial COX-2 expression [66] which in turn stimulates
Pbroduction of angiogenic factors. Several reports suggest that
Prostanoids can mediate tumor angiogenesis and, recently,
PGE, was reported to mediate angiogenesis via stimulafion
of EP,, EP, and TP receptors [67-691.

CONCLUSIONS AND FUTURE DIRECTIONS

Increasingly, attention has become focused on studies of
the significance of prostanoid receptors for carcinogenssis
over the last several vears. The present review aims to pro-
vide an up date of publications in this field of research, with
Pa‘r_tlcular attention to the possible mechanisms of prostanoid
aciion an@ petential application of prostanoid receptor inhibi-
tors/agonistg for colon cancer prevention. Indeed, since COX-
2 may be involved in cancer development in sites as wide-

Mutoh gt o

spread as the breast, stornach, head and neck, lung and pan.
creas [43], these might alse be targets for chemaprevention
by selective prostanoid receptor inhibitors. Furthe clarifica.
tion of prostanoid receptor function is now a high priority
and development of selective inhibitors needs to be flirther
addressed.
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Inhibition of intestinal carcinogenesis by a new
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A new flavone derivative, chafuroside, has been isolated as a
strong anti-inflammatory compound from oolong tea leaves,
and its structure determined tc be (2R,35,45,4a5,11b5)-3,4,11-
trihydroxy-2-(hydroxymethyl)-8-(4-hydroxyphenyl)-3,4,4a,11b-
tetrahydro-2H,10H-pyranof2’,3":4,5furo[3,2-glchromen-10-one.
To assess its potential to inhibit intestinal carcinogenesis, 2.5, 5
and 10 p.p.m. chafuroside was given in the diet to Apc-deficient
Min mice for 14 weeks from 6 weeks of age. Total numbers of
polyps were reduced to 83, 73 and 56% of the control value,
respectively. Moreover, dietary administration at 10 and
20 p.p.m. reduced azoxymethane (AOM)-induced colon aberrant
crypt foci {ACF) development in rats to 69% of the AOM-treated
control value with the higher dose. Chafuroside-associated
toxicity was not observed at 2.5-10 p.p.m. in Min mice and 10-
20 p.p.m. in AOM-treated rats. These results suggest that
chafuroside might be a good chemopreventive agent for colon
cancer. {Cancer Sci 2006; 97: 248-251)

Colon cancer is one of the most common cancers in
developed countries™ and epidemiological studies have
shown that a Western-style diet, high in fat and red meat as
well as low in fruits and vegetables, increases the rigk.®®
Thus, foodstuff is a major focus for research, particularly
with regard to identification of effective chemopreventive
agents.

Epidemiological evidence suggests that drinking green tea
(Cameilia sinensis) is beneficial for cancer prevention.®-®
Many animal studies also have shown that tea and its com-
ponents have anticancer properties.”® The major characteristic
constituents of green tea are catechins, including EGCG.® In
black tea, a large proportion of the catechins are converted
into theaflavins and thearubigens through oxidation and
polymerization. Another tea, oolong tea, is widely consumed
in Asia, especially in China and Japan. The difference among
green, black and oolong teas lies in fermentation: green tea is
unfermented, black tea is completely fermented, and oolong
tea is partially fermented.™

Recently, a strong anti-inflammatory compound named
chafuroside, (2R,35,45,4a5,11b8)-3,4,11-trihydroxy-2-
(hydroxymethyl)-8-(4-hydroxyphenyl)-3.4,4a,1 1b-tetrahydro-
2H,10H-pyrano[2",3":4,5}furof3,2-glchromen-10-one, was
isolated from oolong tea leaves with the aid of an inhibition
test with DNFB-induced contact hypersensitivity in mice, and
its total synthesis reported."®!" The compound was presumed
to be produced during the partial fermentation process and

Cancer Sci | April 2006 | vol.97 | no.4 | 248-251

showed strong anti-inflammatory activity in DNFB and 2,4,6-
trinitro- 1-chlorobenzene-induced contact hypersensitivity mod-
els.001) Moreover, a preliminary study demonstrated the
effective dose in the DNFB-induced contact hypersensitivity
model to be approximately equal to that of indomethacin, a
NSATD, which has been proven to have a cancer-chemopreventive
influence.

Although several reports have documented antioxidant,
antialiergic and antiobesity activities of oolong tea extracts,*~%
effects of individual constituents on colon carcinogenesis
have hitherto not been described. In the present study, we
therefore investigated the impact of chafuroside on intestinal
polyp formation in Ape-deficient Min mice, an animal model
of human familial adenomatous polyposis that develops
numerous polyps in the intestinal tract.%® We also investigated
the impact of chafuroside on the formation of AOM-induced
aberrant crypt foci, which are putative preneoplastic lesions
in the F344 rat colon. In both cases chafuroside reduced
the number of lesions, pointing to possible application as a
chemopreventive agent for intestinal cancer.

Materials and Methods

Animals and chemicals

Female C57BL/6]-Apc™™* mice (Min mice) were purchased
from the Jackson Laboratory (Bar Harbor, ME, USA) at
5 weeks of age and genotyped using a method reported
previously. ¢ Heterozygoies, as well as wild-type (C57BL/
6J) mice, were acclimated fo laboratory - conditions for
1 week, along with male F344 rats obtained from Charles
River Japan (Atsugi, Japan) at 5 weeks of age. Three to five
apimals were housed per plastic cage, with sterilized
softwood chips as bedding, in a baier-sustained animal
room, air-conditioned at 24 £2°C and 55% humidity, on a
12:12 h light:dark cycle. Food and water were available
ad libitum. The animals were observed daily for clinical
signs and mortality. Bodyweights and food consumption
were measured weekly. The experiments were conducted
according to the ‘Guidelines for Animal Experiments in the
National Cancer Center’ of the Committee for Bthics of
Animal Experimentation of the National Cancer Center.

Yo whom correspondence should be addressed. E-mail: nniho@gan2.nce.go.jp
Abbreviations: AC, aberrant crypt; ACF, aberrant crypt foci; AOM, azoxymethane;
COX, gyclooxygenase; DNFE, 2 d-dinitrofiuorobenzens; EGCG, (H)-epigallocatechin-
3-gallate; NSAID, non-stercidal anti-inflammatory drug.
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AOM was purchased from Sigma Chemical Co. (St Louis,
MQ, USA). Chafuroside was synthesized chemically at the
University of Shizuoka (Shizuocka, Japan).O® Its chemical
structure is shown in Fig. 1. The purity of the compound
was examined by 'H nuclear magnetic resonance and high-
performance liquid chromatography, and showed no con-
comitant peaks. The compound was pure enough, estimated
to be above 99% (melting point of the compound was 228—
232°C). Chafuroside concentrations of 2.5, 5, 10 and 20 p.p.m.
were mixed into the powdered basal diet AIN-76 A (CLEA
Japan, Tokyo, Japan) and confirmed to be stable in the diet
under the experimental conditions used in the present study.
The doses of chafuroside were selected according to our

- preliminary study in which chafuroside suppressed intestinal
polyp formation in Apc gene-deficient mice.

Intestinal polyp formation in Min mice

Female Min mice (n = 9-10/group) were fed diets containing
0 (control), 2.5, 5 or 10 p.p.m. chafuroside for 14 weeks from
6 weeks of age. All animals were anesthetized with ether
before they were killed. The liver, kidneys and spleen were
removed and weighed and the intestinal tract was resected,
filled with 10% buffered formalin, and divided into four
sections: three segments of small intestine: (1) proximal (4 cm
in length from the pylorus ring of the stomach); (2) middle
and (3) distal halves of the remainder; and (4) the colon.
These segments were opened longitudinally and fixed flat
between sheets of filter paper in 10% buffered formalin.
Polyp numbers and sizes, and their distributions in the intestine,
were determined under a stereoscopic microscope.®?

AOM-induced ACF development in rats

Male F344 rats, 6 weeks of age, were treated subcutanecusly
with either AOM in sterile saline at a dose of 15 mg/kg

HOH,C

HO theen '

HO

Structure of chafuroside.

Fig. 1.

hodyweight or with the saline vehicle, once a week for
2 weeks from 6 weeks of age. From 1 day before the first
treatment with AOM, rats were fed control or experimental
diets containing chafuroside at 10 or 20 p.p.m. for 4 weeks.
At 10 weeks of age, they were killed under ether euthanasia
and complete necropsies were carried out. The liver, kidneys
and spleen were removed and weighed. The entire colon
was resected, filled with 10% buffered formalin, opened
longitudinally, and fixed flat between sheets of filter paper in
10% buffered formalin. The colon was then stained with
0.2% methylene blue in saline, and scored under a light
microscope for the number of ACE per colon and the mean
number of AC per focus."®

Statistical analysis

The results were expressed as mean* SD, and statistical
analysis was carried out using Dunnett’s multiple comparison
test. In addition, the linear regression test was also used.
Differences were considered to be statistically significant
with P-values less than 0.03.

Results

In Min mice, most polyps were located in the small intestine,
with a preponderance in the distal parts, and only a few
polyps were observed in the colons (Table 1). Treatment with
chafuroside at 2.5, 5 and 10 p.p.m. for 14 weeks clearly
decreased the total numbers of polyps to 83, 73 and 56%
(P <0.01) of the untreated control value, respectively
(Table 1}). The numbers of polyps in the proximal, middle and
distal parts of small intestine in the 10 p.p.m. group were 34,
78 and 46% of the untreated control values, respectively
(Table 1). Dose-dependent inhibition was observed in the
number of polyps in the proximal (r = —0.9958, P < 0.0005)
and distal parts {r = -0.9129, P < 0.01) of the small intestine,
and in the total number of polyps (r = —0.9863, P < 0.02).
As shown in Fig. 2, administration of chafuroside reduced
the number of polyps mainly less than 1.0 mm in diameter.
However, the number of polyps measuring 21.0 mm in
diameter was not affected by chafuroside treatment. Survival
rate, general conditions, food consumption and organ weights
did not differ among the groups. No significant macroscopic
changes were noted in the liver, kidney or spleen. Final body
weights in the groups treated with 2.5, 5 and 10 p.p.m. were
103, 105 and 125% of the untreated control value,
respectively.

In AOM-treated rats, administration of chafuroside at 10
and 20 p.p.m. in the diet for 4 weeks again did not affect

Table 1. Suppression of intestinal polyp development in Min mice by chafuloside, shown by the number of polyps per mouse
Small intestine
Group N:a. Colon Total
(p-p.m) mice Proxirmal Middle Distal
0 9 17.7+0.8 39.7+11.6 86.8+27.1 0.78 £0.67 14491 37.7
2.5 -7 15.3+ 7.0 (86) 34.4+7.7 (87) 70.0£9.9 (81) 0.86+0.69 (110) 120.6 +21.1 (83)
5.0 o] 13.0+£4.3 {73} 33.4+8.6 (84) 58.2+18.9(68) _ 0.56 £0.53(72) 106.2 £ 26,5 (73)
10.0 8 9.63.1{54)* 31.0£19.9 (78) 40.0 +21.8 (46)** 0.75+0.71 (36) 81.4+41.9 (56)**

Data are mean + SD. Numbers in parentheses are percentages of the contrel basal diet values. *Significantly different from the basal diet
group at P < 0,05. **Significantly different from the basal diet group at P < 0.01.
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general conditions, body weights, food consumption or organ
weights. No significant macroscopic changes were observed
in the liver, kidney or spleen. ACF were observed in all
1ats treated with AOM, mainly located in the distal colon.
Administration of 10 and 20 p.p.m. chafuroside reduced the
total numbers of ACF per colon to 79 (P < 0.05) and 69%
(F < 0.01) of the AOM-treated conirol value, respectively
(Table 2). The total number of AC per colon was also
decreased by 16 and 30%, respectively (Table 2). However,
treatment with chafuroside did not decrease the mean number
of AC per focus (Table 2).

Discussion

In the present study, we obtained clear evidence that a new
flavone derivative, chafuroside, suppresses development
of intestinal polyps in Min mice and AOM-induced colon
ACFE in F344 rats at doses of 5-20pp.m. in the diet
Although it is a natural compound found in tea leaves, the
doses effective in Min mice were much lower than those
reported earlier for well-known, naturally occurring and
synthesized chemopreventive agents. Indeed, the effective
dose fo reduce numbers of polyps in Min mice was 10 p.p.m.
for chafuroside. This value is lower than with (+)-catechin
at 1000 p.p.m.,"? genistein at 1000 p.p.m.,®® curcumin at
2000 p.p.m.,”" and with synthesized aspirin at 250 p.p.m.,@

mean value (bars represent $D). *P < 0.05,
**P <001,

piroxicam at 200 p.p.m.*® and celecoxib at 1500 p.p.m.%? As
treatment with 2.5-10 p.p.m. chafuroside affected only the
polyps of smaller size, it might be important to clarify
the mechanism by which chafuroside inhibits polyp growth.
It has been reported that 100 p.p.m. EGCG is effective for
approximately 60% inhibition of AOM-induced ACF formation
in F344 rats,® and our results thus suggest that chafuroside
possesses a strong potential to inhibit development of putative
prencoplastic lesiops in the colon.

Because there were no signs of chafuroside-induced
adverse effects in the present study, long-term consumption
for cancer prevention in humans is conceivable. The daily
estimated consumption level from a diet containing 10 p.p.m.
chafuroside in mice corresponds to approximately 120 mg
per day for a 60-kg adult man. The average concentration
of chafuroside in a commercially available oolong tea in
Japan is almost 55 pg/L (unpublished data). An adult human
might reach an effective dose of chafuroside with consumption
of more than 100 L of oolong tea, Therefore, taking a chafuro-
side supplement or drinking concentrated oolong tea may be
useful for cancer prevention.

The strong anti-inflammatory and chemopreventive
effects are presumably related to the two characteristic
moieties of chaforoside: the mannose moiety of which the
C1 position provides a C-glycoside linkage with the C6
position of apigenin, and the dihydrofuran moiety, obtained

Table 2. Effects of chafuroside on azoxymethane (AOM}-induced aberrant crypt focus (ACF) formation in F344 rats

Group No. rats Total no. Total ne. Mean no.
with ACF ACF/colan (%) AC/colon (%) AC/focus
AOM treatment
Control diet 9/9 278 £ 51 618 £ 31 225+ 0.18
Chafuroside (10 p.p.m.) g/9 219 + 42 (79)* 522 4+ 105 (84) 240 £ 0.27
Chafuroside (20 p.p.m.) 8/9 192 + 42 (69)** 435 £ 69 (70j** 228+ (.30
Saline treatment
Control. diet 073 0 0 v}
Chafuroside (10 p.p.m.) 0/3 0 0 1]
Chafureside (20 p.p.m.) 63 0 0 v}

Data are mean + 3D, Numbers in parentheses are percentages of the control basal diet values. *Significantly different from the basal diet
greup at P < 0.05, **Significantly different from the basal diet group at P < 0.01. AC, aberrant crypt.
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